Abstract. This paper extends our previous study of the breaking probability of dominant deep water gravity surface waves into the finite water depth environment. It reports a unified behavior of the mean breaking statistics once the effects of finite water depth are taken into account. The shallow water wave data that form the basis of this study were acquired at a field experiment site at Lake George, New South Wales, Australia. The breaking events were detected through visual observation of videotaped records of the wave field in combination with acoustic signatures of the breaking waves from a collocated hydrophone. Following
ways occurs above an initial slope (ak)0 threshold, and below it a recurrence occurs toward the original wave group. The initial carrier threshold wave slope (ak)o depends only weakly on the number of waves in the group N and is almost constant for N > 4. Banner and Tian [1998] also found that the presence of a superposed linear background shear current, typical of the ocean surface layer, marginally reduced the local wave slope at breaking. Our subsequent unpublished calculations have shown that wind forcing imposed over deep water wave trains marginally increases the steepness at breaking, while the combined influence of wind forcing and shear tends to cancel each other, leaving the mean dominant wave steepness, reflecting the nonlinearity of the group structure of the wave field, as the primary hydrodynamic property controlling the onset of breaking of the dominant sea waves.
The experimental data that were used to validate our proposed deep water statistical breaking dependence encompassed a particularly wide range of deep water wave conditions. These data included Lake Washington waves forced by light winds (peak frequency fp > 0. inconsistencies when examined over a broad range of wind-wave conditions. In strong contrast, B BY showed that breaking probabilities from the three very disparate sites demonstrated similar behavior when parameterized on the basis of our hypothesis that nonlinear hydrodynamic processes associated with wave groups underlie the onset of breaking. Including the effects of the surface layer wind drift current and the wind forcing was found to improve the correlation only marginally. The observed mean dominant wave breaking probability was analyzed in terms of a composite parameter based on the significant dominant wave steepness and the strengths of the surface layer shear current and wind forcing. Our proposed dependence provides quantitative prediction of the expected mean number of breakers at the spectral peak per dominant wave period. The dependence features a common threshold of the steepness parameter below which negligible dominant wave breaking occurs, with a near-quadratic dependence of the breaking probability once this threshold is exceeded.
For the present case of waves in finite constant water depth an additional bottom interaction is imposed on the orbital velocities of steep waves due to close proximity of the bottom. To our knowledge, no detailed modeling of bottom influence on wave train evolution to breaking has yet been reported. As a first step, we propose a parameterization of the bottom influence on the composite parameter through a term that quantifies the significant wave height relative to the mean water depth. In the deep water limit this relative depth parameter approaches unity, and our proposed finite depth breaking probability dependence reduces to the deep water dependence proposed by BBY. Section 2 provides a brief review of previous field observations of breaking statistics. Section 3 discusses the present measurements in detail, which describe the experimental site at Lake George, the instrumentation, the data collected, and the methodology used to detect the breakers. Section 4 presents the main results and includes a discussion of the limiting wave height in finite depth water and a comparison with the BBY results for deep water behavior. Section 5 presents our conclusions.
Previous Observations
Available field observations of breaking statistics of wind-generated waves are far from comprehensive and are best regarded as fragmentary. Logistical difficulties associated with these observations are increased because the most important situations of extreme seas are usually the least accessible to systematic measurement. Even when reliable wave height data are obtained, the absence of established breaking criteria for such measurements makes it difficult to detect particular breaking events within these data records.
In BBY we provided a detailed review of deep water breaking observations. Previous authors used a variety of field properties, methods, and criteria to detect, trace, and describe breaking properties, probabilities, and statistics. Wu [1979] Various characteristics and parameters have been used to describe breaking statistics or probabilities. Following BBY, we define the breaking probability bT for the dominant waves as the mean passage rate past a fixed point of dominant wave breaking events per dominant wave period. This nondimensional quantity is expressed in terms of the main temporal scale of the wave field, making it convenient for comparisons and analysis.
Although fragmentary, deep water observations have provided the basis for a number of analyses of breaking probabilities and a review of progress is given by BBY. A larger volume of literature exists on the subject of depth-limited breaking in the surf zone. Although most of this work relates only to the limiting wave height, some, for example, Battjes and Janssen [1978] and Dally [1990] , also consider energy loss during breaking. To the best of our knowledge, however, analysis of the statistics of breaking events in finite water depth outside the surf zone has not been attempted previously, regardless of the bottom slope. In this case an additional unknown contribution from the bottom interaction adds to the already poorly understood nonlinear dynamics that causes wind-generated waves to break. In this paper we endeavour to accommodate these uncertainties by extending the approach proposed by BBY. We assume that breaking onset in wave groups is driven primarily by nonlinear hydrodynamic processes associated with wave groups, together with additional effects imposed by processes creating shear stresses, by the bottom interaction, and by wind forcing.
Laboratory studies of wave breaking have not been addressed in this brief review because their conformity to field data is questionable. We discuss this further in section 5.
Measurements
The finite depth wave-breaking data used in the paper were obtained at our experimental site at Lake George near Canberra in south-eastern Australia (Figure 1) during October-December 1997. A contour map of Lake George, shown in Figure 1 , indicates a simple bathymetry, with the bed sloping very gently toward the eastern shore of the lake. Since its bed form is extremely flat, Lake George is an ideal location to study in situ fetch-limited behavior of wind-generated waves in a constant, finite depth environment. Lake George has been the site of extensive investigations of spectral development of the finite depth waves [Young and Verhagen, 1996a, 1996b A total of 26 records of all the measured variables, taken during the measurement period in October-December 1997, were processed, and Table 1 Summary of recorded data. Here, fp is the spectral peak frequency, H• is the significant wave height, e is the significant steepness of the spectral peak, A is the shear parameter, •/is the non-dimensional peak frequency or the parameter of the inverse wave age, and bT is the spectral peak breaking probability. The symbols are defined in Section 4.1 below.
Relatively young, strongly forced waves with U10/Cp 
Height Limits of Individual Waves in Finite Depth Water
Both BBY and the present paper argue that mean wave steepness rather than local steepness or other properties of individual waves determines mean breaking statistics and probability of wave breaking. In this section we discuss how this approach relates to the concept of limiting individual wave height used in the coastal engineering literature. Nelson [1997] provides an extensive review of limiting wave height data in constant water depth and over mild slopes. He concludes that in water of constant depth, no individual wave can have a H/h ratio exceeding 0.55, but this upper limit may be less. Here H is the height of individual waves. Since the Lake George bottom topography is very flat, according to Nelson [1997] we should expect the constant depth limit of H/h -0.55 to apply.
The height of an individual wave is defined as the elevation difference between a wave crest and a wave through. For irregular asymmetric field waves this definition has the uncertainty of whether the height is a zero level up-crossing or a zero level down-crossing wave height. In Figure 6 , consecutive wave heights occurring at the wave array during record 5 from Table 1 are shown for both down-crossing (Figure 6a ) and upcrossing (Figure 6b) analyses. The 0.55h limit is also indicated. This was a case of substantial waves for this site, generated by a 20 m s -1 mean wind, with a ratio of the significant wave height Hs to the water depth h of 0.41. Figure 6 , for such an extreme case as record 5 a few waves did exceed the 0.55h limit both for the down-crossing and up-crossing heights. In total, 1.4% of the waves were registered as exceeding the 0.55h height limit at the measurement site. We investigated these waves in the video records and found that all these waves were breaking while passing through the array. It means that if the evolution of a wave train results in a wave higher than 0.55h, then that wave will become unstable and break.
As can be seen in
As we gradually lowered the wave height threshold level in our analysis, we found that all waves that registered heights of 0.44h or greater were breaking. Once (Table 1) .
waves attain this height, they apparently lose their stability because of the bottom interaction. We found, however, that waves lower than 0.44h may break or may undergo recurrence. This latter breaking should be controlled by processes similar to those that cause breaking in the deep water, although supplemented by the bottom interaction effects.
In Figure 6 the level of 0.44h is shown by the dashed line. A total of 52 waves, or 8.3%, exceeded this level and broke, 18 of which exceeded the limit on both the forward and rear slopes. On many occasions, two consecutive waves exceeded this level and subsequently broke. These waves were associated with the centers of wave groups. However, the 8.3% proportion of breaking waves that can be predicted solely by the ratio of their wave height to the water depth represents only about 14% of the total number of breaking events, even for this extremely wind-forced situation (see Table 1 ).
This means that the majority of breaking events still occurred because of nonlinear hydrodynamical processes in the wave field, similar to those operative for deep water breaking. Values of A, -/, and Hs/h are also shown in Table   1 . In Figure 9 the breaking probabilities bT are plotted individually against the dominant steepness parameter e and the parameters of the shear current A, the wind forcing -/, and the bottom interaction Hs/h. In Figures   9a-9d the breaking probability is seen to be positively correlated with the parameters.
BBY concluded that there is a threshold value of 0.055 for e that determines whether dominant deep water breaking occurs in a wave record. As may be seen in Figure 9a , the data in Table 1 are consistent with this conclusion, and therefore the 0.055 threshold value was adopted for the parameterization in the present paper. To reflect the secondary importance of the shear current and the wind forcing parameters, we incorpo- In Figure 10 the dependence of the breaking probability bT on the dominant wave steepness, adjusted for the finite water depth, is shown plotted on log-log axes. For the combined depth data sets the dependence of the spectral peak breaking probability bT on the composite parameter is shown in Figure 13 
Discussion and Conclusions
Our present formulation considers waves traveling over a finite, constant depth layer of fluid. The parameterization would need to be modified to account for sloping bottom topography effects. As our data sets do not include such cases, this extension is le[t for future studies.
There has been extensive discussion in the literature about the similarity of wind or mechanically forced laboratory waves to waves observed in the field. In regard to the onset of wave breaking it is not clear whether paddle-generated chirped wave groups or waves evolving rapidly at very short fetches under strong wind forcing are undergoing the same dynamical balances as the more slowly evolving wave groups observed in field situations. If these cases are fundamentally different, there may well be significant discrepancies between the breaking probabilities associated with laboratory and field w&ves. Apart from the different dynamical balances of rapidly evolving laboratory wave groups and slowly varying field wave trains and from the possibly differing relative strengths contributed by the wind forcing, laboratory and field waves also have different directional properties. In this respect a recent comparison of twoand three-dimensional wave breaking in the absence of wind forcing was carried out by Nepf el al.
[1998] in a laboratory experiment. They found that the wave directionality, interpreted as a degree of transverse curvature of wave crests, affects both the onset and severity of breaking events. Although this definition of the directionality is not the same as that in the general field case, one might expect a contribution to the breaking probability due to waves coming from different directions. It is apparent that the directional properties of waves, which may be different in the field and in the laboratory, may alter the process of breaking onset and therefore the statistics of breaking events. Therefore directionality may also need to be included explicitly in the breaking probability dependence. This aspect, however, is also left to future studies.
Finally, we summarize our main findings and conclusions of the present paper. longer timescale associated with unsteady wave groups is involved. In addition, we may need to include a parameter for the wave directionality to reduce the scatter of the breaking data. Verification and quantification of these aspects will require further observational effort, both field and laboratory, and is left to future studies.
